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\1"" Phyaics Translated from Doklady Akademii iiank SSSR, 91, 1321-24 (1953)

On the Theory of Ion Currents to Probes

at Lov Pressures
Ya. M. Kagan and V, I. Perel

A= is well known, Langmiir's theory of probe characteristice is based on
the sssumption that there is a space ¢harge layer surrounding the probz. Qut-
gide this layer, the plasm is saposumed to be quasi-neutrnl, the electric field
zero, and the motion of particles random. The spplication of this theory tu
the ionic saturation current to a negatively charged probe resulted in con-
siderable discrepancy with experiment. It has been shown recently™ ° that the
assumpticn of quasi.neutrality of the plasma cutside the layer i=m possible
only 1f outaide the layer there exists a field which sffects the motion of
the iona. By taking this fact intc aczount, Wenzl was eble to formulate an
improved theory of ionic saturation current to a negativaly charged spherical
probe and to compute for three aspecial cases the distribution of the poten-
tial and the concentration of the charged particles in the vizinity of the
probe. However, Wenzl's theory requires several graphical integrations of
differential functions for each vaiue of the probe potentisl and for esach
value of the discharge parsmeters; and it thus loses its practical value. As
we shall show below, it is poesible, by starting from premises similar to
those in Wenzl’s theory. to obtsin a gimple relation between the ionic cur-
rent for large negative probe potentials and the electron current at the space
potential.

Vhen ions move in the field of attraction of a spherical probe, trapping
occura: i.e., for each given velocity, there is a sphere of rediua r,: once
in this sphere, an ion chen str:kes the probe no matter what its original
direction might have been. Therefore, inside the sphere ro there are no ions
traveling away from the probe, and hence their motion may not be considered
randon. The potential of this sphere @(rg) relative to the unpsrturbed plagma
can grnerally be determined from the relation

— e (r)) ~ k7,4, ’ (1)

vhere T, is the ionic temperature. However, this condition also results' from
the requirement that the plasma inside the region ro be quasi-neutval. We can
assune that plasme remains quesi-neutral within the distance ry, of the probe,
and that thereafter the electron concentration begins to decresse sharply,

i.e., up to the point where

vhere T, is the electran teaperature. The condition (2) coincides essentially
with the criterion of the “sheeth boundary” introduced by Boyd.? Theoretical
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considerstions, as well as spectroscopic obsasrvations,” show that at low
pressuces

kT <L T, (3)

always; hence
ry>r. (4)

The following basic conclusions are suggested by the above consideratins:

1. Contrary to the Langmuir theory. in vhich it is assumed that the sur-
face of the sheath is the ion collecror, the murface of the radius r,, whose
ares ig larger, is the ion collector.

2. Vhercas langmuir assumed that imns vesch the surface of the sheath with
thermal velocities, the energies of the ions reaching that surface are of the
order kT,, as follows from the conditions (2) and (3}.

3. Vhersas Langmuir sssumed the ion uovement ncar the boundary of the
sheath to be random, in view of conditions (2) and (3) we have much bette:r
gronds for assuming that the ions fall almost normally through the surface.

For the rest of the computation, we can keep the rough model of Langmuir’s
probe theory; that is, we can sassume that for r > r, the concentrations of
the charged particles equal their concentration in the unperturbed plasma,
and that for r < r, the concentration of electrons equals zero. When allov-
ance is made for the existence of &« field outside the sheatl., this model ap-
pears even justified, since the field compensates to a certain extent the
effect of the probe, which attracts the ins. This iz also confirmed by
Wenzl's calculations.

Then, for the ionic current to the probe, we have

J = noeulsl 5

where S, = 4wy, and u, is the velocity of an ion at the distence r, from
the probe.

Taking into consideration the fact that the electron current at the spuce
potential I is expressed by the relation

10,8

I=-",

vhere S is the area of the probe and v, the average velocity of the electrons,
we finally obtain
nm S
J=4 m-g‘ A (S)

In order to eliminate the unknown quantity S;, we mus: investigste the
behavior of the potential for r < ry. This amonts to solving Poisson’s equa-
tion, taking as boundary conditions ¢ = —p, on the surface of the probe, and
@ = 0 and (d9)/(dr) = 0 on the surface S,.

The second condition is connected with the fact that for sufficiently
large probe potentiale @, > kT,. The third condition follows from the fact
thet for sufficiently large negative probe potentials, the potentisl near
the probe changes much sore rapidly than it does near the suzface S,. This
follows from Wenzl's computations. The calculation was thuz reduced to Lang-
muir's problem for s spherical condenser, s problem to whizl Kar.* fond zn
exact solutiun. For simplicity, we shall limit ourszlves to the case of prac-
tical interest (ry — a) < a, when the problem is approximately a nlane-
parallel one. In this cuse we can use the "three-halves lev*.
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From (5) and (6) we obtain the following relation between the electron
current at the space potential I and the ionic current for large negative

potentials: A
1 4 _ﬂ Ia
4 \xwm

2 Ve ) s
[‘ ¥ (m) —7

We fird elso the dependence of the thiclness of the charged layer on the cur-
rent and the potential of the probe:

(7

n—a_ 2 (2% 8
=3 77 @)
For the case of a cylindrical probe, we again use (5) and (6), in which now
S = 2nal (where | is the length of the probe and a its radius), and S, =2nr,l
(vhere ry is the radius of the cylindrical charged layer surrounding the

probe). There results
1 74M\"
i (m)

2 Yy q,'/a i
142 ( AR
TA\M 2a V7
'

b eyt (10)

The limits of applicability of (7) and (9) are subject, on the one hand,
to the condition ep, > k1, and, on the other, to the requirement that the
thickness of the charged layer should be smaller than the radius of the probe.

I=J 9)

Table I.
1—i=100 ma, £=11,2° U —i=1,0 2, £ =20,5" lil —i = 40U ma,
{=218"
Spherical probe ‘ Cylindrical probe
1 11 | 1
P J r,—a 1 I r—a ",——u 7
(volts) () — (ma) (VO'ta)(ul) (n) (volts)(un) (oa}
103 60 0,91 2,8 | 106 155 0,59 10 103 330 0,"8 32
69 50 0,75 2,8 79 130 9,51 10 83 310 0,69 31
40 40 0,56 2,8 S5 110 0,41 9,5 63 280 0,5¢ 30
22 30 0,44 2,5 36 90 0,35 8,5 43 250 0,48 29
19 20 0,45 1,6 17 60 0,25 6,5 23 482 023 23

These two conditions are usually met for sphericel probes. For cylindrical
probes of usual size, however, these requirements are not hoth met, the prob-
lem cannot be conceived as a plane one, and {6) must be replaced by the so-
lution of Langmir’s problem for the cylindrical case.

Egs. (7) and (9) were tested experimentally in z mercury discharge at low
pressure in two discharge tubes of different types. In the first tube the
middle part was foruwed into a globe of diameter 120 mm; in the center of the
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globe there was a spherical plavinum probe 2.3 mm in diumeter. The second
wbe was ¢ cylinder . mm in diemeter along whose avis was fixed a cylindri-
cal probe 2 mm in dismeter and 8 mm long. A series of probe characteriatics
was taken for values of the discharge current i ranging from S0 ma to 1.3 amp
and for vapor pressures corresponding to the temperatures t = 10 to 22 degrees.
The ionic purt of the characteristics was measured with ncgative potentials
up to the order 115 v. Using (7) and (9}, ve
determined the electron current to the probe at
T ........ & the space potential from the ionic purt of the
" characteristic, send compared the result with
D the values for the current obtained frow the
Lo N electronic part of the characteristic. In every
I . ...... instance, the agreement was satisfactory; values
s ioc i = of the electron current obtained from the ionic
part of the prcbe characteristic were close to
the values of the electron curresnt obtained from
the senilogarithmic curve at the departure from
linearity. As an illustration, Table 1 gives :he
ionic part for the three characterisztics and the
values of the electron current (computed from
the ion current by using Egs. (7) to (10})) et
Fig. 1. the spece potentisl and relative thicknesza of
the sheath. The corresponding electronic parts
of these characterietics are shewn in Fig. 1,
vhere the Jashes indicate the values of I obtained from the ionic purt of the
characteristics, the calculated values being aimost constent.

The shazp decrease of the values of I, computed at smaller negative poten-
tials, is apparently sssocieted with the impossibility of using the condition
ePq *» kT, in that per=.

The methed for obtaining the zandom electron current I from the ionic purt
of the characteristic iz convenient because the lack of precision in deter-
wining the space potential hardly affects the resilt, wheress it does affect
it in the usual method. All the above reusoning ie velid for sufficiently low
pressures, i.e., for A > ro. From the condition of quasi-neutrality of the
plasm in the icinity of ry. it cen be shown that
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